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Respiratory hazard assessment of combined exposure to complete gasoline exhaust and respirable volcanic ash in a multicellular human lung model at the air-liquid interface
Introduction
Communities resident in urban areas located near active volcanoes can experience volcanic ash exposures during, and following, an eruption, in addition to sustained exposures to high concentrations of anthropogenic air pollutants (e.g., vehicle exhaust emissions). Furthermore, ash can be transported over great distances (e.g., as occurred during the 2010 Eyjafjallaj€ okull eruption, Iceland (Gudmundsson et al., 2012) ) and may reach distant urban areas, thereby having various impacts on human lives and livelihoods, including potential negative effects upon human health (Barsotti et al., 2010; Horwell and Baxter, 2006; Baxter & Horwell, 2015) . Consequently, governments, public health agencies and scientific communities are voicing concerns about the potential health impacts from concomitant exposure to volcanic and anthropogenic emissions (Loughlin et al., 2012) , especially whether this may pose a greater respiratory hazard than inhaling respirable volcanic ash and vehicle emissions separately. Hence, it is important to understand the potential hazard of concomitant exposure so that civil protection managers and health agencies can make informed decisions on whether to advise that citizens take action to protect themselves during periods of intense exposure to both urban pollution and volcanic ash (McDonald et al., 2017) .
A recent first investigation, by the authors, into the potential effects of volcanic ash exposure combined with exhaust particulate (intending to simulate an urban environment) showed that concomitant exposure of cells to respirable volcanic ash and standardized diesel exhaust particles (DEP (NIST SRM 2975)) can promote a heightened (pro-)inflammatory response in vitro (Toma sek et al., 2016) . However, the understanding of the respiratory hazard which may result from these combined exposures still remains limited, especially since this first study only considered DEP and not complete exhaust (i.e., the additional gaseous component). Exhaust is a complex mixture that contains particles but, also, condensed and gaseous fractions. These phases can impact lung health (e.g., Reed et al., 2008) , but could also interact directly with the ash. This interaction may result in the adsorption of inorganic gases, such as CO 2 , CO and NO x , and volatile organic compounds (e.g., linear and polycyclic aromatic hydrocarbons) onto volcanic ash, potentially altering the ash surface chemical properties and affecting its potential toxicity. Hence, the use of 'complete' exhaust is a critical next step in deducing the hazard posed to populations exposed to volcanic emissions and pollutants within the air.
Inhalation of urban particulate matter is known to cause the onset of, or exacerbate, respiratory and cardiovascular diseases (Pope et al., 2015; Peters et al., 1997; Seaton et al., 1995) . Although diesel engines are generally viewed as greater contributors to engine-derived ambient particulate matter (US EPA, 2004) , it has been found that vehicles with gasoline engines, which are still the most popular engine type in some European countries (ACEA, 2017) , can also emit substantial quantities of soot-like ultrafine particles (diameter < 100 nm) under certain operating conditions (Mathis et al., 2005; Zhang and McMahon, 2012; Banerjee and Christian, 2017) . Vehicles with gasoline direct injection (GDI) technology were found to release up to 10 12 particles/km, exceeding those of current diesel vehicles equipped with filters (Platt et al., 2017; Muñoz et al., 2016; Zhang and McMahon, 2012; Mohr et al., 2006) . The effects of emissions, including particulate and gaseous phases (i.e., complete exhaust), produced from gasoline vehicles with various engine technologies have been studied in recent years and some toxic effects, such as oxidative stress and DNA damage in the lungs, have been reported in in vitro and in vivo studies (Bisig et al., 2015; Mauderly et al., 2014; Reed et al., 2008; McDonald et al., 2007; Lund et al., 2007) . It has been shown that exposure to respirable volcanic ash can exacerbate pre-existing respiratory diseases, such as asthma and bronchitis (Baxter et al., 1981 (Baxter et al., , 1983 , and suppress immune function (Monick et al., 2013) . Even though there is a high variability in discrete results of in vitro and in vivo toxicology assessments for volcanic ash (reviewed by Baxter et al., 2014 , Hillman et al., 2012 , and Horwell and Baxter, 2006 , a general view from the studies, to date, is that ash is a low toxicity particle, but various studies have shown that ash can provoke inflammatory reactions in the lungs and (pro-)inflammatory reactions in vitro (Damby et al., , 2018 Horwell et al., 2013; Lee and Richards, 2004 (Horwell et al., 2003 , and crystalline silica and its potential to activate the NLRP3 inflammasome (Damby et al., 2018; Baxter et al., 1999) . The mechanisms resulting in the (pro-) inflammatory response in vitro following combined exposures to ash and DEP (Toma sek et al., 2016) are not yet clear, but may be driven by the individual particle-cell interactions, or possibly particle-particle interactions, which then interact with cells. The aim of the present study was to assess the biological impact of combined exposure to cells of respirable volcanic ash and complete vehicle exhaust. A sophisticated in vitro approach, as also used in our previous study (Toma sek et al., 2016) , provides a valuable first assessment of potential adverse impacts of such exposures, especially due to a lack of epidemiological studies that consider health effects of ashfall in heavily polluted urban areas.
Volcanic ash samples, from Soufri ere Hills volcano, Montserrat, and Chait en volcano, Chile, were used (to represent different magmatic compositions and eruption styles) in combination with freshly-generated complete gasoline exhaust from a GDI vehicle (containing the particulate, condensed and gaseous fractions). This is the first time that a real, complete exhaust has been used to study combined exposures with volcanic ash. Furthermore, this investigation is the first to evaluate and report on whether the toxicity of either volcanic ash or complete gasoline exhaust are altered by coexposures, as well as whether the ash (magmatic) composition could influence the outcome of combined exposures in vitro.
As with our previous study, a multicellular in vitro human lung model, composed of epithelial lung cells (A549 alveolar type II-like cells) and two immune cell types (human blood monocyte-derived macrophages and dendritic cells) (Rothen-Rutishauser et al., 2005 Blank et al., 2006) cultured at the air-liquid interface (ALI) (Blank et al., 2007) was used. This well-established model has been proven to be suitable for various exposures at the ALI (Fytianos et al., 2016; Müller et al., 2011) , thus reflecting, in part, the realistic physiological conditions of a respiratory exposure. Further, human epithelial airway barrier models have previously accompanied hazard assessment studies of products of different engines and/or fuels using a sophisticated, well-characterised exhaust exposure system (Bisig et al., 2015 Steiner et al., 2013a,b; Müller et al., 2012 Müller et al., , 2011 Müller et al., , 2010 . Here, the multicellular model was directly exposed to gasoline emissions, followed by the addition of respirable volcanic ash and a second gasoline emissions exposure. Subsequent analyses of the cell cultures for cytotoxicity, oxidative stress and (pro-)inflammatory response were undertaken.
Materials and methods

Cell cultures
In vitro experiments were performed using an established multicellular lung model composed of three cell types mimicking the human alveolar epithelial tissue barrier as previously described (Rothen-Rutishauser et al., 2005 Blank et al., 2007 . These were grown for 5 days prior to the addition of immune cells to form a co-culture. Human blood monocytes were isolated from buffy coats provided by the Transfusion Blood Bank (Blutspendedienst SRK Bern AG, Switzerland) as described previously (Lehmann et al., 2010 ) with the adaptation of using CD14 þ magnetic beads (CD14 MicroBeads, Miltenyi Biotec, Germany) . The monocytederived macrophages (MDM) and dendritic cells (MDDC) were added on the apical (1.2 x 10 4 cell/cm 2 ) and the basal (6.0 x 10 4 cell/ cm 2 ) side of the insert with a A549 layer on the upper side of the insert, respectively. After 24 h incubation under submerged conditions, in complete RPMI 1640 cell medium (cRPMI; Sigma-Aldrich, Switzerland; supplemented with 1% L-Glutamine, 1% Penicillin/ Streptomycin and 10% fetal bovine serum), the triple-cell co-culture was transferred to the ALI (the cRPMI only present on the basal side of the insert) to habituate for a period of 24 h prior to exposures.
Volcanic ash sources, preparation and characterisation
Every explosive volcanic eruption generates ash, but particle characteristics (e.g., surface area and reactivity, composition, particle size, leachable elements) and, potentially, toxicity will vary according to the magma composition and eruption style as well as post-eruptive factors such as distance from vent (of deposition), weathering, etc. Two volcanic ash samples were used in this study, to represent different magmatic compositions (andesite and rhyolite; see Section 3.1) and eruption styles. Both samples were chosen because they were erupted, transported and deposited into relatively-clean atmospheres, away from major sources of pollution. Neither was rained on prior to sampling. In addition, both samples have been well characterised for their physical and chemical properties in previous studies Horwell, 2007) . The major elemental oxide composition of bulk samples was determined by X-ray fluorescence (XRF) (AxiosAdvanced PW4400 XRF spectrometer, PANalytical, The Netherlands) on fused beads prepared from ignited ash powders mixed with a fluxing agent in a 1:5 ratio. Compositional data were recalculated to account for loss on ignition (LOI) (the weight difference between unignited and ignited powders), which also provided confirmation of sample freshness with regards to contamination (e.g., with organic material).
The first ash sample, from the Soufri ere Hills volcano (SHV), Montserrat was generated in a dome-collapse event on 12 July 2003 and was collected 4 km from the vent on the day of eruption. The bulk sample's physicochemical characterisation can be found in previous literature under different sample codes, as follows: Soufri ere Hills, Montserrat '03 in Horwell et al. (2007) , Soufri ere Hills, Montserrat 2003 in Horwell (2007) , Mon12/7/03 in Horwell et al. (2010) and MBA12/7/03 in Horwell et al. (2013) . Briefly, the ash is rich in crystalline silica (~12 wt% of the bulk ash is cristobalite), potentially the most pathogenic of the minerals found in volcanic ash (Baxter et al., 1999) , and is considered fine grained for ash, with~11.5 vol% of the bulk sample being sub-4 mm diameter (Horwell, 2007) . This sample was used in the previous study investigating co-exposures with DEP in the same in vitro multicellular model (as MVO12/7/03 in Toma sek et al., 2016).
The second sample was obtained from Chait en volcano (ChV), in Patagonia, Chile and was deposited from an explosive eruption which occurred on 2 May 2008. The sample was collected 80 km away from the source, in the Patagonian Argentine province of Chubut, on 8 May 2008 . This sample contains substantially less crystalline silica (~3 wt% of the bulk ash is cristobalite) than the SHV sample, but is similarly fine-grained, with 12 vol% sub-4 mm material (as Chai_03 in Horwell et al., 2010) .
A Sioutas Cascade Impactor (SKC Inc., USA) and Leland Legacy sample pump (SKC Inc., USA) attached to a gravitational separation chamber were used to isolate a biologically relevant 'respirable' sub-sample of the bulk ash for use in the in vitro exposure model, as previously described (Toma sek et al., 2016) . Briefly, bulk ash was introduced into the separation chamber by an airstream established by the pump at a constant flow rate of 5 L/min. Particles above a theoretical spherical aerodynamic diameter of 5 mm sedimented while the remaining, smaller particles were sampled by the impactor. Size-fractionated samples were recovered and combined for use in characterisation and toxicity assays.
Particle size distributions (PSD) of isolated respirable samples were determined by Mie theory with a laser particle analyser (Beckman-Coulter LS 13 320; Coulter Corporation, USA) in water with sonication, with a refractive index set to 1.63 and an absorption coefficient of 0.1 (after Horwell, 2007) . Results are presented as the average of three consecutive measurements of the sample. Scanning electron microscopy (SEM) was used to observe particle morphology. Particles were mounted on polycarbonate discs, coated with 30 nm of gold/palladium and imaged on a Hitachi SU-70 FEG SEM (Hitachi, Ltd., Japan) using the secondary electron detector.
Volcanic ash exposure system
In order to deduce the individual and combined response from the co-culture, respirable ash samples were nebulized as dry powder directly over the cell cultures at the ALI using a dry powder insufflator (Model DP-4; PennCentury Inc., USA). The dry powder insufflator was found suitable for this application in the previous study (Toma sek et al., 2016) , where its efficiency in ash administration to cells was evaluated, representing a more realistic approach when compared to studies using pre-suspended ash in submerged cell culture conditions.
The exposure setup was used as described previously (Toma sek et al., 2016) . Briefly, the ash was loaded into the sample chamber and then pushed through the device by small pulses of air administered using a 10 mL commercial syringe. The ash was discharged as a cloud over the cell culture plate located below the delivery tube within a closed nebulisation chamber. Two cell culture inserts from the same set (exposed beforehand to the exhaust or filtered air, see section 2.6) were exposed simultaneously to a single ash sample (SHV or ChV). The chamber was made of polystyrene and covered with aluminium foil on the inside to avoid particles being electrostatically attracted and sticking to the chamber walls. The quantification of deposited material was monitored by a quartz crystal microbalance (QCM; Stanford Research Systems, USA), also placed within the nebulisation chamber next to the wells, thereby allowing for a reliable estimation of the deposited mass. Calculated from the recorded frequency values before and after deposition of material, the DF value (Hz) is converted to deposited mass per area (mg/cm 2 ) (Lenz et al., 2009 ).
Vehicle exhaust exposure system
A flex-fuel GDI vehicle with a three-way catalyst was driven on a chassis dynamometer with standard market gasoline (RON 95) and lubrication oil. A dynamic, worldwide light-duty test cycle (WLTC) (UNECE, 2016), representing transient driving in urban, extraurban, highway and motorway conditions, was driven and repeated for 6 h per day of exposures (10 cycles). The WLTC is the official driving cycle from September 2017 onwards used by the European Union for new vehicle registration (Euro6).
The exhaust exposure experiments were performed at the exhaust gas control station of the Bern University of Applied Sciences in Nidau, Switzerland, as previously described (Bisig et al., 2015; Müller et al., 2010 Müller et al., , 2011 Morin et al., 2008) . Briefly, the exhaust was diluted 1:10 in filtered air, based on previous work (Steiner et al., 2013a (Steiner et al., , 2013b and to enable comparison with previous gasoline exhaust studies (Bisig et al., 2015 , where it was noted that it represents a highly-polluted site (i.e., a high dose exposure).
The diluted exhaust was pumped through the cell culture exposure chamber with a constant flow of 2 L/min. In the chamber, the exhaust emissions pass above the cell culture plates and diffuse onto the cell cultures. Simultaneously, in a reference chamber, filtered ambient air supplied under identical conditions served as the negative control. The conditions in both chambers were controlled at 37 C, 85% relative humidity and 5% CO 2 .
Exhaust characterisation
Characterisation of the exhaust was performed in parallel to the exposure experiments, yielding detailed information on the emission sample that the cells were exposed to. Measurements were taken during the initial exposures (n ¼ 2) and repeated exposures (n ¼ 2) (each 10 WLTC cycles) resulting in 4 distinct datasets. The particle number (PN) was measured in the 1:10 diluted exhaust using an engine exhaust condensation particle counter (Model 3790, TSI Inc., USA). The concentrations of carbon monoxide (CO), carbon dioxide (CO 2 ), total gaseous hydrocarbons (THC), nonmethane hydrocarbons (NMHC) and nitrogen oxides (NO x ) were measured using a Horiba MEXA-9400H (Horiba, Japan) exhaust gas measuring system in a constant volume sampling tunnel (Horiba CVS-9500 T, Horiba, Japan). CO 2 was added to reach 5% for optimal buffering capacity in the cell culture medium. The concentration was controlled with two sensors, right before and after the chamber, and adjusted with a flowmeter, if needed.
Cell culture exposures
The two-day cell exposure scenario ( Fig. 1 ) was designed to simulate a real-life situation when volcanic ash is introduced to the urban environment (where people are continuously exposed to urban pollution; e.g., gasoline vehicle emissions), resulting in pollutants being concomitantly inhaled. Two sampling time-points were chosen, 24 h and 48 h, to enable observation of the effects after one day of co-exposure (as in the previous study by Toma sek et al., 2016) and, in addition, to account for possible effects following another, repeated exposure to gasoline exhaust.
Daily experimental exposure to diluted (1:10) gasoline exhaust for 6 h was chosen according to earlier studies (Bisig et al., 2015 Steiner et al., 2013a; Steiner et al., 2012) . It is difficult to assess whether this represents real life exposures, but could represent exposure of an urban outdoor worker. The cell-delivered volcanic ash doses fall within the range of the lowest and highest doses used in the previous study (Toma sek et al., 2016) . In order to achieve equivalent mass exposure for both ash samples, the QCM was monitored during the exposures until a target dose between 0.4 and 0.5 mg/cm 2 was reached. There is a lack of dosimetry data for inhalation of ash, or exposure data on ambient air concentrations following volcanic eruptions, making average exposures difficult to constrain and apply in vitro, but Toma sek et al. (2016) determined their dose range to be a worst-case scenario. Therefore, these doses may not be realistic for personal exposure and could be considered as a particle over-load relative to a real-life exposure. Overall, the chosen exposure scenario may be considered as a short-term, high-level exposure to both pollutants, individually and when combined. Even though the doses used likely deviate from realistic inhalation exposure, the assessment of cellular responses herein can be seen as a valuable screening of possible (adverse) effects that this specific type of combined exposure may incite which has not previously been considered or investigated.
The multicellular lung model was exposed at the ALI to diluted exhaust (1:10) or filtered air (reference chamber) continuously for 6 h (i.e., the initial exposure), followed by immediate exposure to respirable volcanic ash as described in section 2.3, and then incubated (at 37 C and 5% CO 2 ) for 18 h, maintaining the ALI conditions. Subsequently, the supernatants (i.e., cell culture medium) were collected (24 h time-point) from the basal side of the insert and replaced with fresh cell medium. Cells were exposed again for 6 h to diluted exhaust or filtered air (i.e., the repeated exposure), followed by a final 18 h incubation, maintained under ALI conditions. The supernatants were then collected (48 h time-point) (Fig. 1) . Each 48-h exposure scenario (exhaust, ash, repeat exhaust) was conducted with two different sets of the multicellular lung model (i.e., with cells from different passage numbers and monocyte isolations), each exposed separately to volcanic ash after the initial exposures, resulting in two replicates (n ¼ 2) per exposure scenario. Two exposure scenarios were conducted over a 4-day period, resulting in 4 experimental replicates in total (n ¼ 4 per ash sample). All data are presented relative to the filtered air (reference) cultures, however, we also included an untreated control (kept in the incubator) to assess the influence of the exposure protocol on cell response (see supplementary information). Collected supernatants were stored at either 4 C or À80 C prior to biochemical assays (section 2.7). Insert membranes were split and one half of each replicate's membrane was used for gene expression analysis (section 2.7.4) whilst the other half was fixed and prepared for fluorescent labelling, as described in section 2.7.1.
Cellular assays and analysis
Cell culture supernatants collected at 24 and 48 h time-points (Fig. 1) were analysed for key/relevant bio-markers of pulmonaryrelated toxicity in vitro (Donaldson et al., 2005) . All analyses were performed according to established, standardized protocols as described below.
Cell morphology
Cell membranes collected at the 48 h time-point were fixed with 4% paraformaldehyde (15 min, room temperature), washed and stored in phosphate buffered saline (PBS). Subsequently, they were permeabilised with 0.2% Triton X-100 (Sigma-Aldrich, Germany) in PBS (15e30 min, room temperature). Samples were then stained with the F-actin stain Phalloidin-Rhodamine (Thermo Fisher Scientific Inc., USA) and the nuclei stain 4',6-diamidin-2-phenylindole (DAPI; Sigma-Aldrich, Germany) diluted 1:50 and 1:100 in 0.1% BSA in PBS (1e2 h, room temperature), respectively, and then mounted with Glycergel (DAKO Schweiz AG, Switzerland) on microscope slides.
Images of the cell membranes were acquired via confocal laser scanning microscopy (LSM; Zeiss 710 Confocal Microscope, Carl Zeiss, Switzerland) using a 63x/1.4 NA oil immersion lens. Representative images were processed using the public domain image analysis software ImageJ (http://rsb.info.nih.gov/ij).
Lactate dehydrogenase release
Cytotoxicity was determined by measuring the release of lactate dehydrogenase (LDH) into the co-culture supernatant, at both 24 h and 48 h time-points, using a LDH Cytotoxicity Detection Kit (Roche Applied Science, Germany) according to the manufacturer's protocol. The test was conducted in duplicate for each experimental replication. Absorbance was determined at 490 nm using a microplate reader (Bio-Rad, Switzerland), with a reference wavelength set at 630 nm. The positive assay control was 100 mL of 0.2% Triton X-100 in PBS, applied for 24 h on the apical side of the cell culture insert.
Quantification of (pro-)inflammatory response
The quantity of tumor necrosis factor-alpha (TNF-a), interleukin-8 (IL-8) and interleukin-1 beta (IL-1b) secreted into the culture medium was assessed in the co-culture supernatants collected at 24 h and 48 h time-points by enzyme-linked immunosorbent assay (ELISA DuoSet Development Kit, R&D Systems, USA) according to the manufacturer's protocol. The concentrations were determined spectrophotometrically at 450 nm using a microplate reader (Bio-Rad, Switzerland). Analyses were conducted in duplicate for each repetition. The positive assay control was lipopolysaccharide (LPS, from E-coli 055:B5 strain ((Sigma-Aldrich, Germany), 1 mg/mL) applied as 1.2 mL solution in cRPMI in the bottom compartment of the cell culture insert for 24 h. Fig. 1 . Schematic of the cell culture exposures at the ALI in the present study. Culture supernatant was sampled at the 24 h time-point, and both the supernatant and insert membranes were sampled at the 48 h time-point. Cell-cultures were maintained under air-liquid interface (ALI) conditions throughout the entire exposures (initial exhaust, volcanic ash, repeated exhaust).
Gene expression analysis
Quantification of gene expression at the transcriptional level was performed by real-time reverse-transcription polymerase chain reaction (real-time RT-PCR), as previously described (Bisig et al., 2015) . Cell culture membranes sampled at the 48 h timepoint were stored in the ribonucleic acid (RNA) protect buffer (RNAprotect ® Cell Reagent, Qiagen, Germany; diluted in PBS 1:4 (v/ v)) prior to the analysis. RNA was isolated with a RNeasy plus kit (Qiagen, Germany). Complementary deoxyribonucleic acid (cDNA) was synthetized with the Omniscript RT system (Qiagen, Germany), Oligo-dT primer (Microsynth, Switzerland) and RNasin Inhibitor (Promega, USA). Real-time RT-PCR was performed using SYBRgreen (Applied Biosystems, USA) on a 7500 Fast Real-Time PCR system (Applied Biosystems, USA). Relative expression levels were calculated using the 2 ÀDDCt method, with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the standard (housekeeping) gene and filtered air as the control. The induction of cell death was determined by expression levels of (pro-)apoptotic genes caspase 7 (CASP7) and FAS receptor (FAS). Heme oxygenase 1 (HMOX1) and NAD(P)H dehydrogenase [quinone] 1 (NQO1) genes were used to observe the onset of oxidative stress. For assessment of (pro-)inflammatory responses, expression of pro-interleukin-1 beta (IL1B) and interleukin-8 (IL8) genes were measured.
Data processing and statistical analysis
All data in the figures are presented as single values and means derived from gasoline exhaust or filtered air exposures (the initial exposures (n ¼ 2) and repeated exposures (n ¼ 2), over 4 days in total); each exposure was performed with two different sets of the multicellular lung model (n ¼ 2; each exposed separately to volcanic ash), leading to 4 repetitions (n ¼ 4).
All statistical analyses were performed using the software Origin (version 9.3, OriginLab Corporation, USA). Statistical significance was deduced through the use of a one-way analysis of variance (ANOVA), assuming a normal distribution of the datasets. Subsequent Tukey's post hoc tests were conducted to determine statistical significance between different exposures and the reference exposure (filtered air). The alpha value was set at 0.05.
Results
Volcanic ash characterisation
Particle size analysis of isolated respirable fractions showed that 98% by volume and 84% by volume of particles were sub-10 mm diameter, for ash from Soufri ere Hills volcano (SHV) and Chait en volcano (ChV), respectively (Fig. 2a) . The SHV sample consisted of 58% by volume particles with size <4 mm, while ChV contained less with 40% by volume.
The morphology of the particles from both volcanoes, as observed by SEM, was mostly blocky and angular with varying amounts of sub-micron particles adhering to the surfaces of larger particles (Fig. 2b) . This is congruent with previous observations of respirable volcanic ash (e.g., Damby et al., 2016 , Lahde et al., 2013 , Hillman et al., 2012 ), but may not mirror the morphology of larger ash particles, which can differ according to (magmatic) composition.
Bulk oxide elemental data for samples are listed in Table 1 and indicate magmatic composition of the ash samples. The SHV ash was confirmed to be 'andesitic', with an intermediate composition regarding silicon dioxide (SiO 2 ) content (61.8 wt% SiO 2 ), while ChV is 'rhyolitic', being comparatively richer in SiO 2 (73.4 wt% SiO 2 ).
Volcanic ash nebulisation
The average cell-delivered doses of nebulized ash using the dry powder insufflator, as monitored by a QCM, were 0.54 ± 0.19 mg/ cm 2 and 0.39 ± 0.09 mg/cm 2 for SHV and ChV ash, respectively (Fig. 3) .
Exhaust characterisation
The composition of the gaseous fraction, comprising carbon monoxide (CO), total hydrocarbons (THC), non-methane hydrocarbons (NMHC), nitrogen oxides (NO x ) and carbon dioxide (CO 2 ), as well as the average count of produced particles are shown in Table 2 .
Biological endpoints
For the assessed biological endpoints (cytotoxicity, oxidative stress and (pro-)inflammatory mediators, including measurements for both protein production and gene expression), no significant (p > 0.05) changes in cell cultures were observed at 24 h or 48 h time-points for any of the experimental exposures, i.e., volcanic ash (VA), gasoline exhaust (GE) and co-exposures (GE þ VA). The response of the untreated cells (i.e., incubator control) was lower in comparison to the cells treated with filtered air, albeit not significant (SI Fig. 1 ). To account for the influence of the potentially stressinducing airflow as well as for the different baseline levels in the various cultures, the comparison of the effects of cell treatments (VA, GE and GE þ VA) was made with the filtered air (reference) exposure.
For all exposure scenarios (VA, GE and GE þ VA) at 48 h, LSM imaging revealed a homogenous and confluent epithelial cell layer with no alteration in cell morphology compared to the filtered air (reference) exposure (Fig. 4a) . LDH release by the cells following the exposures, for both time-points, showed limited elevation in (Fig. 4b) . The positive LDH assay control Triton X-100 showed a significant (p < 0.05) increase in LDH content in culture medium, confirming that the biological model used was responsive for the measured endpoint.
For expression of pro-apoptotic genes FAS and CASP7, none of the exposures showed a statistically significant (p > 0.05) outcome relative to filtered air (Fig. 4c) . CASP7 expression was found to be slightly suppressed by VA, GE, and combined exposure to gasoline exhaust and SHV ash (GE þ SHV), while only slightly increased in the combined exposure to gasoline exhaust and ChV ash (GE þ ChV); these changes, however, are still within the observed biological variation.
As determined via release of specifically chosen (pro-)inflammatory mediators, none of the cell exposures induced a significant (p > 0.05) (pro-)inflammatory response (Fig. 5a ). In fact, the concentrations of TNF-a and IL-1b in all measured samples were below the method detection limits (MDL; SI Fig. 1) . LPS, which served as a positive assay control, significantly (p < 0.05) increased the release of IL-8 (Fig. 5a ) as well as TNF-a and IL-1b (SI Fig. 2 ) compared to the filtered air and other cell treatments. Lack of a (pro-)inflammatory response was supported by the findings on a gene level, where the cell exposures did not induce any change in mRNA levels of measured markers, IL8 and IL1B, relative to filtered air (Fig. 5b) . In agreement with the protein measurements, none of the treatments induced a detectable upregulation of TNFA (data not shown). In the ChV ash-treated cultures, a slight, yet insignificant (p > 0.05), increase in expression of both IL8 and IL1B was observed compared to the filtered air (reference) exposure.
Similarly, the expression of investigated genes related to oxidative stress, namely HMOX1 and NQO1, showed no significant (p > 0.05) increase after exposure to VA, GE or GE þ VA (Fig. 6) . Combined exposure to gasoline exhaust and ChV ash (GE þ ChV) did, however, result in a slight upregulation of HMOX1 relative to filtered air, although not significant.
Discussion
The purpose of the study was to investigate the potential respiratory hazard of combined exposure to volcanic ash and anthropogenic pollution, through experiments designed to assess the impact to a multicellular lung model of exposure to both volcanic ash and complete gasoline exhaust.
We have found that exposure of cells to gasoline exhaust, alone, does not induce any significant effects on any of the biological endpoints measured. These results are in agreement with research performed by Bisig et al. (2016) using gasoline exhaust, alone, on a multicellular human lung model mimicking the bronchial compartment, under similar experimental conditions. Another study by Bisig et al. (2015) , using the same experimental setup but a different car, found that gasoline exhaust induced oxidative stress; however, the particle number measured in the diluted exhaust was up to three orders of magnitude higher than that used by Bisig et al. (2016) , and nearly twice as high as the average daily number of particles produced during exposures in the present study (Table 2) . Similarly, the concentrations of volatile compounds in Bisig et al. (2015) exceed those measured in Bisig et al. (2016) and the current study. Bisig et al. (2015) found that filtration of the particulate fraction from the exhaust was not sufficient to eliminate the adverse effects in vitro, confirming the importance of the volatile compounds in GE-induced toxicity. The toxic effects of gasoline exhaust, particularly after particle filtration, have also been observed with in vivo animal studies (Reed et al., 2008; Lund et al., 2007) . It was noted, though, that volatile compounds, alone, might react differently with the lung cells than when part of the complete exhaust, where these compounds can adsorb onto the particle surfaces (Steiner et al., 2014 (Steiner et al., , 2016 .
The biological sensitivity of the employed multicellular model has been validated in the past through use of positive particulate controls, e.g., crystalline quartz (DQ12) for a (pro-)inflammatory response (Endes et al., 2014; Chortarea et al., 2015) . The lack of adverse effects observed following gasoline exhaust exposure in the present study may be explained by important differences in experimental parameters, including the employed cell lines, the ) of respirable ash from Soufri ere Hills volcano (SHV) and Chait en volcano (ChV) quantified using a QCM, following their dry nebulisation over cell cultures using a dry powder insufflator (DP-4, Penn Century, USA). All data are presented as single values and mean (solid line), n ¼ 4. Table 2 Average exhaust composition for the flex-fuel GDI vehicle in the WLTC as measured during the experiments (n ¼ 4). SD ¼ standard deviation, CO ¼ carbon monoxide, THC ¼ total hydrocarbons, NMHC ¼ non-methane hydrocarbons, NO x ¼ nitrogen oxides, CO 2 ¼ carbon dioxide. *Note that the CO 2 concentration applied to the cell culture chamber was adjusted as necessary to 5% CO 2 . PN ¼ particle number. All data are shown 1:10 diluted (as applied to the cell cultures). driving test cycle and vehicle tested and, hence, the lower particle numbers and volatile concentrations (and consequent lower doses) as compared to other studies, and exposure times. In addition, it is known that the response of cultured cells to exposure may vary, especially over time (Poland et al., 2014) . The evidence from other studies such as Bisig et al. (2015) suggests that we should not conclude that gasoline exhaust is incapable of inciting a biological response. The two ash types used in this study, erupted from different volcanoes of different magmatic compositions, also did not elicit a significant response in the biological endpoints measured from the multicellular model. Ash samples from these volcanoes have been previously investigated for their toxic potential and also showed limited biological responses , Wilson et al., 2000 , Cullen and Searl, 1998 and unpublished data for ChV). The SHV ash has also caused minimal response to the same multicellular model in our previous study (Toma sek et al., 2016) . Hence, these data confirm the generally-observed lack of potential of ash to significantly affect healthy lung cell integrity or function including, in this case, initiation of an inflammatory response for the chosen time-points and endpoints.
Given the lack of significant response to gasoline exhaust, alone, and volcanic ash, alone, the finding that the co-exposures did not cause significant adverse effects in the multicellular model is perhaps not surprising, and could indicate that these combined exposures did not generate either an additive or synergistic response. Due to experimental design, the effect of direct ashvolatile interactions (e.g., volatile adsorption) prior to co-culture exposures was unable to be tested here. The absence of alterations in cell morphology, cell viability and oxidative stress state for any combined exposure scenario are in line with our previous in vitro study, which showed limited cytotoxic and oxidative potential of SHV ash when exposed concomitantly with DEP (Toma sek et al., 2016). However, the low (pro-)inflammatory response following combined exposures is contrary to the previous findings, where co-exposures of SHV ash and DEP increased release of (pro-) inflammatory mediators TNF-a and IL-8, as well as significantly increased (p < 0.05) IL-1b (Toma sek et al., 2016) . In Toma sek et al. (2016) it was hypothesized that the observed IL-8 production was driven by DEP, and that volcanic ash, alone, did not result in significant production of TNF-a, although it augmented TNF-a production in the co-exposures. Together with the results from Bisig et al. (2016) , who report no upregulation of TNFA or IL8 in response to gasoline exhaust exposure in a bronchial epithelium model, it appears that co-exposures to volcanic ash and gasoline exhaust do not induce inflammation via these pathways, at least at the doses tested here, and using the lung model composed of cells from healthy donors. However, the non-significant increase in IL8 expression in response to ChV ash remains unexplained, especially since this sample has not been used in cytokine assays previously.
The similar biological responses to both ash samples in combined exposures with gasoline exhaust indicates that, within the parameters of this particular experimental setup, differences in sample composition (e.g., iron content) and mineralogy (e.g., crystalline silica content) did not affect the biological response to coexposures. Whilst we chose two fairly different ash samples, volcanic ash is a heterogeneous dust, the physicochemical characteristics of which can vary considerably, even during a discrete eruption (Damby et al., 2017; Horwell et al., 2013) , and samples from different eruptions have shown differences in toxicity when tested comparatively in vitro, previously Horwell et al., 2013; Wilson et al., 2000) . Hence, a different sample from an individual eruption or a different ash type might incite a different cellular response. . Release of (pro-)inflammatory mediators in the multicellular lung model following combined exposure to gasoline exhaust and volcanic ash. A) Interleukin-8 (IL-8) release in the culture medium after 24 h and 48 h following exposures to filtered air (reference exposure), (filtered air and) Soufri ere Hills ash (SHV), (filtered air and) Chait en ash (ChV), gasoline exhaust (GE), combined exposure to gasoline exhaust and Soufri ere Hills ash (GE þ SHV) and combined exposure to gasoline exhaust and Chait en ash (GE þ ChV). The positive assay control was lipopolysaccharide (LPS; 1 mg/ mL, 24 h). B) Amounts of mRNA of (pro-)inflammation-related genes encoding interleukin-1 beta (IL1B) and IL-8 (IL8), 48 h post-exposures, normalized to filtered air exposure (a dashed line). All data are shown as single values and mean (solid line), n ¼ 4; * denotes significant difference (p < 0.05) between the positive control and the other samples tested. Fig. 6 . Oxidative stress response in the multicellular lung model following combined exposure to gasoline exhaust and volcanic ash. Amounts of mRNA of oxidative stress responsive genes, heme oxygenase 1 (HMOX1) and NAD(P)H dehydrogenase [quinone] 1 (NQO1), following exposures to (filtered air and) Soufri ere Hills ash (SHV), (filtered air and) Chait en ash (ChV), gasoline exhaust (GE), combined exposure to gasoline exhaust and Soufri ere Hills ash (GE þ SHV) and combined exposure to gasoline exhaust and Chait en ash (GE þ ChV), normalized to filtered air exposure (dashed line). Data are shown as single values and mean (solid line), n ¼ 4.
The potential for diesel exhaust, and DEP in particular, to cause adverse respiratory effects is well known (see review by Steiner et al., 2016) while, on the contrary, the toxicity of exhaust from GDI vehicles is still relatively unknown (CCEM, 2016; Muñoz et al., 2016) . Given this, we believe that there is a need to conduct further studies to clarify the hazard posed by combined exposures, particularly with a fuel that generates exhaust of likely greater toxicity (e.g., diesel) , which was not possible during the time-frame of the current experiments. Future studies that consider the very complex and variable components of ambient urban air would be prudent, as would additional endpoints, such as genotoxicity, that help derive a more comprehensive understanding of the potential hazard. Furthermore, the experimental approach in this study, although performed over a two-day period (as opposed to the commonly-used time-point of 24 h), still represents a short-term exposure scenario. Hence, potential chronic effects that such exposures could elucidate, over a prolonged period, have not been accounted for and need to be investigated.
Conclusion
This study provides the first insights into the biological effects caused by exposure to complete gasoline exhaust in the presence or absence of volcanic ash conducting a realistic in vitro hazard assessment. The findings show that combined, and individual, gasoline exhaust and volcanic ash exposure at the ALI has limited adverse biological impact to a multicellular lung model in vitro, considering the employed experimental conditions and biological endpoints measured (cytotoxicity, oxidative stress and (pro-)inflammatory response at the protein and gene levels).
More detailed investigation of the potential respiratory hazard following such combined exposures in future eruptive events is necessary, especially considering the complexity of the ambient urban air. Additional biological markers should be studied in further experiments in vitro and a complete diesel exhaust could also be used.
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